Vasoactive intestinal polypeptide (VIP) and the calcium ionophore A23187 caused dose-dependent changes in the potential difference and the short circuit current (I.) across confluent T84 cell monolayers mounted in modified Ussing chambers. Both VIP and A23187 stimulated net chloride secretion without altering sodium transport. Net chloride secretion accounted for the increase in I,<. When A23187 was tested in combination with VIP, net chloride secretion was significantly greater than predicted from the calculated sum of their individual responses indicating a synergistic effect. VIP increased cellular cyclic AMP (cAMP) production in a dose-dependent manner, whereas A23187 had no effect on cellular cAMP. We then determined whether VIP and A23187 activated different transport pathways. Earlier studies suggest that VIP activates a basolaterally localized, barium-sensitive potassium channel as well as an apically localized chloride conductance pathway. In this study, stimulation of basolateral membrane potassium efflux by A23187 was documented by preloading the monolayers with MRb+. Stimulation of potassium efflux by A23187 was additive to the VIP-stimulated potassium efflux. By itself, 0.3 ,uM A23187 did not alter transepithelial chloride permeability, and its stimulation of basolateral membrane potassium efflux caused only a relatively small amount of chloride secretion. However, in the presence of an increased transepithelial chloride permeability induced by VIP, the effectiveness of A23187 on chloride secretion was greatly augmented.
Introduction
Cyclic nucleotides and calcium are well recognized as intracellular messengers. Evidence is accumulating for interaction between these messengers, resulting in potentiation of cellular response. In many systems, these interactions may serve as a mechanism to prepare the cell for a biological response and to facilitate the amplification of a hormonal signal, allowing the amplification to be accomplished by the release of a small amount of peptide hormones or neurotransmitters. The synergistic phenomena between cyclic AMP (cAMP)-and calciummediated electrolyte secretion have not been reported in isolated intestine. In other gastrointestinal organ systems, e.g., the pan-creatic exocrine or endocrine cells and gastric parietal cells, the synergistic action between cAMP-and calcium-mediated responses has been established. A secretagogue which mobilizes cellular calcium (carbachol, cholecystokinin, bombesin, or the calcium ionophore A23187) potentiates the action of a secretagogue that acts through, or mimics the action of cAMP (vasoactive intestinal polypeptide [VIP] ,' secretin, or 8-Br-AMP) on amylase secretion from dispersed pancreatic acini of rat and guinea pig (1, 2) . Dibutyryl cAMP in combination with carbachol or A23187 amplifies enzyme secretion from rat pancreas (3, 4) .
Insulin release by pancreatic islets also exhibits a synergistic response to agents which increase intracellular cAMP and calcium (5) . Histamine (cAMP mediated) and carbarchol potentiate gastric acid secretion in isolated canine parietal cells (6) .
Despite the lack of direct evidence of synergism between cAMP-and calcium-mediated secretory mechanisms in the intestine, there is evidence that indirectly suggests the existence of such a phenomenon. Many antisecretagogues, (e.g., somatostatin, enkephalin), which may act through a calcium-mediated mechanism, inhibit the secretory process almost totally whether they are induced by a calcium-dependent process (e.g., serotonin) or cAMP-mediated process (e.g., VIP). Presumably, due to the presence of preexisting VIP, acetylcholine, etc., in whole or isolated intestine, activation of the secretory process by a secretagogue would readily result in a synergistic response. It is possible that the preexisting peptides or neurotransmitters make it difficult to detect a potentiative effect. The synergistic action of cAMP and calcium in the stomach and pancreas could be demonstrated easier and more convincingly in isolated cell preparations than in whole organs. Isolated cells devoid ofpreexisting peptide hormones or neurotransmitters may allow the effect of each compound to be assessed individually or in combination without the confounding effect of other existing peptides or neurotransmitters. We therefore, chose a cultured colonic epithelial cell line, T84, as a model system to study the interaction of cAMPand calcium-mediated electrolyte secretion. The cell line, which consists only ofepithelial cells, has the advantage of isolated cell preparations. More importantly, the fact that T84 cells form confluent monolayers with intact tight junctions allows measurement of vectorial electrolyte transport similar to the use of isolated intestine and thus allows comparison of the results. Such a model system may facilitate the investigation of a relatively complex function of intestinal epithelial cells. In this study, VIP was used as a representative of cAMP-mediated secretagogues. VIP binds epithelial cells, activates adenylate cyclase and cAMP production, and stimulates net chloride secretion (7) (8) (9) (10) (11) (12) (13) (14) 
Results

Sodium and chloride transport
The results of unidirectional and net sodium and chloride movement are summarized in Table I and Fig. 1 . T84 monolayers, when mounted in modified Ussing chambers, maintained stable conductance and a constant rate of transcellular sodium and chloride flux throughout the study period of -2 h. Unidirectional flux of sodium and chloride, short circuit current (IS), and transepithelial conductance measured in control tissues during period I (control period) were identical to values measured in period II (experimental period).
Effect of VIP. Addition of 10 nM VIP to the serosal bath caused an increase in I,, and net chloride secretion ( Fig. 1 A) , while mucosal addition had no effect (data not shown). Net chloride flux correlated well with, and totally accounted for, the increase in I,, (r = 0.90; P < 0.001). After 10 nM VIP addition, both serosal-to-mucosal chloride (J'Lm) and mucosal-to-serosal chloride movement (J.-,) increased significantly, suggesting an increase in chloride permeability. The increase in JL-m was consistently greater than the increase in J ,s, resulting in net C1-secretion. In contrast to the effect on chloride secretion, 10 nM VIP has no significant effect on unidirectional or net sodium transport. Conductance increased with the addition of VIP.
Similar I,, responses were observed with the addition of 10 nM cholera toxin or 100 ,M dibutyryl cAMP (data not shown).
Effect ofA23187. (Fig. 1 C) . Unindirectional ion fluxes, summarized in Table I. increased with the addition of both VIP and A23 187. When 0.3
,uM A23 187 was tested in combination with varying concentrations of VIP, the increase in I,, was significantly greater than predicted from the calculated sum of their individual responses throughout a wide range of VIP concentrations (from 0.1 nM to 0.1 MM) (Fig. 3) .
Effect ofother cAMP-and calcium-mediated secretagogues. To test whether the potentiation phenomenon is limited to VIP and A23187, we studied the changes in I,, induced by VIP or prostaglandin El and carbachol. The action of prostaglandin El in intestinal mucosal is known to be cAMP dependent (20, 21) ; while that of carbachol, calcium dependent ( did not affect cAMP production in T84 cells and the presence of A23187 did not affect the increase in cAMP by VIP (14) . The dose-dependent curves for VIP were identical in the presence or absence of 0.3 ,M A23187, indicating that cAMP was not the basis for synergism and suggesting that A23 187 potentiated the action of VIP at a step distal to the production of cellular cAMP. 251I-VIP binding correlated well with cAMP production and the increase in IS,. Increasing concentrations of VIP inhibited the binding of '25I-VIP, and increased cAMP production and I., to a very similar magnitude. The half-maximal inhibition of '25I-VIP binding occurred with 5 nM VIP and half-maximal stimulation of both cAMP and I., was observed with 4 nM VIP.
The results strongly suggest that the action of VIP is mediated by cAMP.
Rubidium efflux experiments
We have previously demonstrated that both VIP and A23187 stimulated potassium (and rubidium) effilux across the basolateral (14) . Carbachol, which increases free cytosolic calcium, also had a very similar action as compared to A23 187 (26) . The results of this study showed that the increase in 86Rb+ was additive in the presence ofboth VIP and A23 187, whereas the magnitude of chloride secretion was more than additive.
Discussion
The T84 cells retain many receptor-mediated processes and respond to a variety of secretagogues, including VIP and A23 187, by secreting chloride similar to isolated intestine (12). In this (16, 27, 28) . The role of intracellular calcium may be better elucidated in the future with the availability of fluorescent probes (29, 30) . We have shown that VIP did not alter free cytosolic calcium (31) . Unfortunately, A23 187 interfered with Quin-2 fluorescent spectrofluorometry which prevented proper measurement offree cytosolic calcium in its presence. The presence of a large calcium gradient across the plasma membrane, under our experimental conditions, made increased free cytosolic calcium an unlikely mechanism by which VIP potentiated the action of A23187. However, it is possible that A23 187 may have effects on the cells other than those directly associated with an increase in cytosolic calcium. These effects may be via other secondary messengers in the cell that were not measured in this study. After having shown that A23 187 did not augment cAMP production by VIP, this study then sought to identify the different transport pathways activated by VIP and A23 187, and to determine whether interaction at the level of the transport pathways could explain the synergistic action. The results suggest that this might be the case.
The mechanisms of chloride secretion stimulated by VIP and A23 187 appear to be different, yet they share some similarity. VIP directly activates an apical membrane chloride transport pathway (25) , and also increases basolateral membrane potassium efflux. Whether both pathways are regulated independently by VIP, or whether-the chloride transport pathway is the primary process regulated by VIP with the increase in potassium recycling being secondary, remains to be fully elucidated. Chloride secretion induced by A23187, in contrast to VIP, appeared to be a result ofan activation ofthe basolateral potassium efflux pathway alone. At lower concentrations of A23 187, which barely produce chloride secretion, stimulation of potassium efflux was clearly evident. Direct measurement ofchloride uptake and efflux, which detected the activation of the apically localized chloride transport pathway by VIP, could not detect the A23187 effect (25) . We postulated that the potassium efflux across the basolateral membrane induced by A23 187 hyperpolarized the cells and that this increased the driving force for chloride exit across the apical membrane. Chloride secretion occurs despite the lack of effect of A23 187 on the chloride channel because some chloride channels are open randomly at any given time.
Synergism between cAMP-and calcium-mediated chloride secretion, at least in the case of VIP and A23 187, appeared to be a result of their stimulation of transport pathways whose actions happen to interact cooperatively. The studies discussed above suggest that VIP and A23187 each stimulate basolateral potassium efflux, but VIP also activates an apically localized chloride conductance pathway. Utilizing 86Rb+ as a tracer for potassium, we showed that potassium efflux induced by A23 187 was additive to the potassium efflux that could be stimulated by VIP. The additive responses of VIP and A23 187 on potassium efflux across the basolateral membrane may be explained by another study that showed that the potassium efflux pathway stimulated by VIP was different from the pathway stimulated by A23 187. The former was more sensitive to inhibition by barium (24) . The synergistic action on chloride secretion occurred because the opening of the apically localized chloride transport pathway (by VIP) allowed the potassium efflux induced by A23 187, which was a relatively ineffective driving force for chloride secretion by itself, to become an effective driving force. This driving force induced by A23 187 is relatively ineffective in the absence of VIP, because the chloride exit pathway became rate limiting. According to this study, synergism is therefore a result ofthe cooperative interaction between the opening ofthe chloride exit pathway on the apical membrane and the potassium exit pathways on the basolateral membrane.
